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ACOUSTICAL HOLOGRAPHIC RECORDING WITH COHERENT
OPTICAL READOUT AND IMAGE PROCESSING

1. Introduction

The idea of applying thermoplastic material to the recording of acoustic holograms' has been recently investi-
gated. 2 -4 It has been found that certain thermoplastic resins indeed have the capability of retention of acoustic
images. This report will present further findings in real-time, in-situ thermoplastic recording and retention of acoustic
holograms. A new acoustical wave recording device and its modified version are described in Section II. In the same
Section. basic operation principles including optical image reconstruction of the device as well as experimental
results are also presented. The modified device has a built-in two-dimensional ultrasonic diffraction grating similar in
principle to the one-dimensional grid used previously. s

For image enhancement of the acoustic holograms, a few new coherent optical image processing techniques are
discussed in Section Ill. The new techniques are based on new contact screens. 6  These techniques include equi-
densitometry, A-D conversion, and pseudo-color. Section IV is the conclusion which discusses the merit of the de-
vice, limitations of the system and recommends further work.

I. Acoustic Holographic Wave Memory Device (AWMD)
A new acoustical wave recording device was designed. The device can be used in real-time to record and retain

acoustical waves; their interference patterns, or the acoustical holographic images in an acoustical imaging system.

A. Device Design
The essential parts of the device can be illustrated with an example described below.
In Figure 1, A is a thin piece of supporting material that, ideally, should be almost transparent to acoustical

waves, e.g., a thin piece of plexiglas. The purpose of part B is to enclose an area so that a uniform layer of thermo-
plastic resin (such as S-25, Foral 85, Foral 105, staybelite Ester 10 of Hercules ln;., Wilmington, Delaware, U.S.A.),
or any other material can be softened from its originally hardened state by elevating its temperature.

In Figure 2, C is a piece of quartz, or thermally treated glass, or any piece of optically transparent material that is
coated by a thin uniform layer of electric resistive material such as indium oxide (InO) or tin oxide (SnO) as indi-
cated by D. The thickness of D, usually around a few microns, determines the resistance of the material. At the two
opposite ends of C along the y-direction, electrodes E are fixed and in contact to D so that a.c. or d.c. electric energy
can be applied to generate heat in D.

The finished AWMD is made by combining the parts in Figures 1 and 2 in the following manner:
Placing the part in Figure I horizontally with the thermoplastic layer facing up and covering it with the part

shown in Figure 2 with the electric resistive material facing down toward the thermoplastic material of Figure 1.
The x- and y-directions of Figures 1 and 2 should be aligned with each other respectively and the whole area of the
thermoplastic material should be closely covered. The edges should be totally sealed so that liquid cannot leak into
the device.

B. Operating Principle of the AWMD
(I) Interaction of ultrasound with the liquified surface.
In the acoustical holographic system shown in Figure 3, a reference beam of amplitude Ar, generated by the

reference transducer, is incident upon the surface (z=O) of the thermoplastic layer at an angle Or, while the object
beam with amplitude Aob is incident at any angle 00 with respect to the perpendicular to the surface and carries
an object-dependent phase 0(x,y). If the object is simple, such as a coarse grating structure, part of the beam gen-
erated by the object transducer may propagate through the object plane without being modulated by the object.
The portion of the beam with amplitude Ao , and incidence angle 00, may be considered as a reference beam for the
hologram. These waves are listed below:

Reference beam No. I: R, A, cxp 0 k, y) (1)

Object beam: 0 A,, exp I j(k.,v + O(x.y))] (2)
Reference beam No. 2: R. A,, exp( j k,, y) (3)

where
k, 2r sinO,, and k., .L. sinO,, . (4)

AA

and A is the wavelength of the acoustic wave.
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Accudmg to tile derivations, under appropriate conditions, given in Reference 2. the ripple patterns of the
liquid surface that is represented by z. measured from the quilibrim plane (z=O) can be written as

1. 21t co,, I (k + k.. + d) (5

A, A.., (6)
P J [ pg + c, + k)

A, A,, (7)
pg 4 cI k, 1 k,, ]

• \ \ , {p g\, 1 . (H)

i , * " p ' i. (9)

In the ahoe equalions, p is the density of the recording material; Vs is the velocity of sound in the medium and g is
the glalatalonal ctnstant.

The physical meaning of equation (5) is described below. There is a bulge of height 2-y cosox.y) + K in the
region where the acoustical wave is applied. Impressed upon this bulge are two interference patterns with the same
,,atul wave number, kr + ko . but different amplitudes 2a and 20. One of the patterns is different from the other by
:) phase oix.Y). If the amplitude of the reference beam Number I is set equal to zero, then from Eqs, (6) and (7) we
tind a=j3 O and K = (Aob2 + Ao' )/(p 2 g vs 2 ). The bulge is slightly reduced in height, and the interference patterns
itill exist The object geometry still modifies the liquefied surface, in a similar way as in the case of an in-line holo-
gram. On tie other hand, if the amplitude of the reference beam Number 2 is zero, Eq. (5) becomes

/, 2 cos k, + k,, . + h]+ , . (10)
' here

Equation ( 1O represents the interference pattern resulting from a typical off-axis hologram.
(2) Optical Reconstruction of Acoustical Surface Hologram
The detection of the acoustical hologram can be achieved by the technique of coherent optical image recon-

struction. Assume that a laser beam plane wave of amplitude AQ and wavelength A is normaly incident (oblique
incidence is also possible with additional complication in the mathematical manipulations) on the surface where the
,coustical hologram is recorded. The light beam is expressed by

i 2 f____ j K Vz
Aie Ape Z(1

where --" is the wave number of the light wave.

A

After ietlection from the surface hologram, the amplitude s(z) is multiplied by a factor R and the phase of the
beam is modified by the added term 2 zs(x,y), where zs(x,y) is in general given by Eq. (5). The reflected light beam
may then be written as

S,(x,y) Re1 +j2[( ak +13k)ej( + ykp ]ei

j (k, + k.. )y
+ 2[ orkt + [ik e Ie + "yk jI"h ] (13)
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rhe impotant part (it Eq. (1 3) for the optical image reconstructio" -he positive first order diffraction term,
-ithe temn thrat contains e-O The phase term is identt io L)hat of the object beam given by Eq. (2), and the

amplitude AIob of tile original ohre.' i s also contained in a and -y The following two special cases are con-
side red

, Oso that ft 0,-y t0

S', (X.Y )j2 Re (ai K A gcj(k , Je
S. (X, (14)

.~ irlfilter can be placed in the Fourier plane anid the tenm Sr I (,y) can be isolated for the holographic
'liage Crt 1C l.

Cas e -

A, 0 but A,. ;* 0. this implies a 13 0J. hence

rile amiplitide arid phase of the object beam is still contained in Sr(xy).

I hlectoic tile Imtage of Imie ini-lilne acoustical hologram can also be op~tically reconstructed by the proper spatial

C. An Alternative Design of the Device - Ultrasonic Grating Added AWMD (UGAWMD).

Ilie i-ui holographic imrages obtainable in tire AWMD as described previously has a basic and serious draw-
bick. rx . rthe curl. Trsion of tire optical phase variations into intensity variations do not adequately reproduce the
lov, spatial trcquericN part of the image. Tis is the reason that art angularly-offset acoustic reference beam is used in)
tire sy \tei. Hite tortc' ior of tire reference beam is to make tire image informratiorr ( incltuding thle low spatial fre-

tluertc> poi tioii ) be modulated onto a high-spatial-frequency carrier.

lPre ioquirernt of tile additional ultrasonic reference beam, however, add other limuitatiorts to the system. The
retererue hearr rMust be ill cohrerenrce withr the object beanlv thle reference beam moust be uniform over the device
recording irAl - arnd tirrally because oIf tile necessity of the nmaintenance of a correct arngle betweent the object anid
tile referenice bearrrs, tire positionts of the leinses arid object under test are restricted.

i-or toil arc a it or icr rthod cart be uise d to rmodula te tire inrtage ittformr ationr in to a hrigir- Irequertcy spatiral
Carrrer. hither a onre-dimtenrsional or a two-dimnrsional ultrasonic gratirig canl be placed beneath thle AWMD. We shall
-il il Ire irditied structure (JGAWMD). Art example of thle UGAWM D wi th a orne-dirmensiontal grating conisisting of'

r o aiiv rystrips of trarnsmrissive arid a ttemruative mraterial is illustrated iri Figure 4. WhIent the UGAWNII is used to
relac ire AWNI 1)Irr tire acoustical hrolographic system, the reference beam transducer canl be reriroved frorm rite
systertt.

Irt general, tire acoustic arrplitude trantsmrissionr function of' a two-dimrensional periodic grating structure oit
opaque bars of wrdti df arid periods W alonrg tire x- and y-direction cart be writteni as

n

W-d (16)

where ~ ct .r(-W1

rect (X)
1o. l >1 2 .(7

a rid

0 0



The radiation presre of the acoustic waves caused by the object transducer alone is given by

p(xy) T(xy) 10+R21 2 !(pVs2 ), ( !'4

where p is the density of the therimioplastic or ally other recording material and V, is tie veiocity of sound.
Substituting 0 and R- frot I qs. (I) and (2) into Eq. (11,), the radiation pressure of the wave incident at the

nquid surface becomes

p X ,.%. I X., 4[ A.,,'+ A,.' 4 2A,.A..,. co%,d (b x., (0
V(20)

TRANSPARENT
HEATER

.-J • ] AWMD

@O D • * @• ••A--ULTRASONIC
GRATING
ELEMENT

higure 4. UGA WAID with a one-dimensional ultrasonic grating element.

Vhe solution for the ripple pattern becoies much more complicated because of the additional term "T(x,y) i
Eq. (20). ilowever, am assumption can be made to obtain some physical insight to this problem. It is assumed that
the grating pattern is approximately reproduced on the liquid surface. UTen the pattern at the Fourier plane of the
optical imaging lens is the Fourier transform of the diffraction grating pattern convolving with the image ripple
pattern of the object under test. For example, in case that the reference beam is zero, part of the object image
pattern has been previously described by -q. (15). The Fourier transform of Eq. (16) can be written as

0C 'F
T( x y)]([ " (- 2 - n

.It W

_ exp ( jkf ) exp[ kx," ]( W-d )sinc[( W-d ) x1
j.\f j2f .\f

- 'F - ) ).._Lexp()kt exp kyV ]
.\f W IjAf i2f

( W-d ) sinc[ ( W-d )y,
A\f

(21)



when n is an integer, f is the local length of the Fourier imaging lens, XF and YF denotes the Cartesian coordinates at
the Founer plane. After tile convolution operation the intensity of the n-th order diffraction terms centered at

x1 nAf (22)
W and

V (23)

will he toportional to the object image pattern and tile term n-2 sin 2 Infl(I - dj. Obviously, the most important
W

,ontibiton is due to tie first order term where n = t I since the second order term will have / the value of tile
fit  IZ t el term .

Fhe .idvantage otf the diffracting effect of tile acoustical gratings is offset by the tact that tie gratings will un-
iisodahlv reduce the total acoustical energy for the creation of the image recording on the liquid surface. Neverthe-
less. tle simplification of the system as a result of the omission of the object beam transducer makes the UGAWMD
a HIii.h unproved device for the acoustical imaging system.

1). Experimental Results
Various objects are being tested in the acoustic holographic system as shown iii Figure 5.
lxpetimental results have been obtained both for tile regular AWMD and the UGAWMD. These results are pre-

sendte a, follows:
% W\ID:
Recordings by AWMD of a metal washer and stripes of tapes arranged in triangular form and mounted on a

plastic board is shown in Figure 6. As shown in the figure, the length of each of the tapes is approximately 2 inches.
Flherno plastic S-25 with softening temperature of 25 0C is used in the AWMD. The optical image of the recording

area of' the device is shown in Figure 7. Positioning of the device and the fabrication of the device are not optinuzed.
I he recol dings of the image of the test object of Figure 6 by the S-25 AWMD at 20 0C and without any heating is
detected optically and shown in Figure 8(a). It is worthwhile to mention that the reference beam is not used and
spatial fltering at the Fourier plane of the optical lens is not performed when this photograph is taken. The cap-
ability of the retention of the image is shown in Figure 8(b); the image is still visible 2 minutes after the turning-
off of the acoustic waves. For comparison, the optical image of the water surface in-line hologram of the same test
object is shown in Fig. 9. It has been observed that the water surface hologram has little stability and has no memory

capability at all.
(2) UGAWMD:

An example of the UGAWMD discussed previously is realized by attaching a window screen beneath the AWMD.
lhe actual dimension and the details of a corner of the UGAWMD are shown in Fig. 10. The spatial frequency of the

_-dimensional grating is approximately 1.25 cn - .
TIe I!(;AWM D is first filled with water to an approximate thickness of 50.Wn. File reference beam is turned off

wule the opt cmcl reconstruction of the acoustic image is recorded. The image with all orders present is shown it) Fig.
I Ila). Whe the /ero-order is blocked, the image is shown in Fig. I l(b). Tile speckle patterns of Fig. 1 I(a) are due to
the ultrasonic grating which in this case is tile window screen.

-ot tie purpose of exploring the possibility of using other recording media, Crisco cooking oil and Wilson corn
oil have been used in the UGAWMD. Crisco oil freezes at room temperature. It has the possibility of making a

permanent recording although this has not been observed in the laboratory up to date. Nevertheless, it has been
proved that recording ot hologaphic images can be done when it is in time liquified state. Also, it has been found that
Wilson corin oil seems to be a better recording material than water in making recordings in UGAWMD. A handle as
shown in Fig. 12(a) is used as tie test object. Optical image reconstruction of the acoustical hologram is shown in
Fig. 12(h). It can be seen that the caved-in portion of the plastic handle appeared to be brighter in tile image. A
50jm Wilson oil is used in the UGAWMI). It can be seen that the diffraction gratings are imaged much more clearly
when time oil is used than in the case when water is used.
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Ill. Applications of New Coherent Optical Image Processing Techniques to the Reconstructed Acoustical Holo-
graphic Images

One main problem t' acoustical holography is tile poor resolution of' the reconstructed image. Although elec-

tronic scanning methods have gained high signal-to-noise ratioS in image reconstruction, the time required to scan

over the total image area makes tile imethod impractical especially in the detection of a moving object. The acoustical

inages recorded by tile AWMD and UGAWMD as showiii n the pevious section have demonstrated the need for

beitei spatial fiftering arrangement.

Spatial filteriig schemes can be applied in tile post inage processing region as enclosed by dotted lines iii Hg. 5

Optical filters such as stops and phase retarders can be inserted in tile local plane of tile imaging lens. Both linear

and quadratic phase-contrast modes of optical filleis can be used. 'he linear iiode can produce images of greater

briglitness: the quadratic mode. on the other hand. :an make the grid stiucture less distinctinve to file eye.

tlectronic digital signal processing techniques can also be applied for the image enhancement of the optically

reconstructed image. However. the sequential processing method is tile consuming. this drawback often offsets its

merit of high flexibility.

In this Section. a few new methods of optical filtering based on contact screens will be discussed. These methods

should be -. Jul for the image enhancement, and suppression of noise in acoustical holographic imilages. The methods

include equidensitonetry, A-D conversion, and pseudo-color by coherent optical filtering. All of the methods utilize

the non-linearity generated by tihe use of the contat' screens. A detailed description is given below.

A. Equidensitometry
The contact screen technique, similar to that which is being widely used in the printing industry, has recently

p oved to be useful ii achieving monotonic and non-monotonic nonlinear characteristics in a coherent optical data

processing system. In the printing industry two-dimensional halftone commercial screens are used. Tile screen has a

closely packed matrix of small dots, each with a pre-determined density profile. However, for nonlinear optical data

processing applications, only one-dimensional halftone screens, or periodic lne structures are needed. A special

simple example of these screens is the Ronchi ruling, which has periodic equal-width opaque straight bars imprinted

on a transparent glass plate. The spacing between any two bars is of the same width as the opaque bar.

A fundamental difficulty in the nonlinear optical data processing work is the design and fabrication of the half-

tone screens. A new arid simple method for the fabrication of niultilivel contact screens is described herein as well as

the way they are used in achieving equidensitometry, optical A-D conveision and pseudo-color.

I ) The fabrication of the contact screens

The following two approaches can be used to fabricate a contact screen.

(i) Assume that there is available a one-dimensional iask which has a preriodic intensily ransninittance function T(x)

of period a, i.e., T(x) T(x+a), and
T(x) =  

, O<x<a/N
= 0 a/N<x <a , (24)

where N _ 2

In the inakintg of the contact screen, a low-Y negative film is placed below, and in close contact with. the mask. The

filn can be muade to traverse along the x-direction by means of a translation stage while the mask is fixed. At an

initial position of the film, the mask and film are exposed by a uniform incoherent light source for a time I . Altle

the exposure the film is translated along the x-direction for a distance a/N. A second exposure of duration 'I is imade.

Tie process of stepping a distance a/N and exposing for a tinle 'i goes on until the (il-I )th translation and Nih

exposure are completed. The spatial distribution of exposure becomes

10) P 'i (i-)a/N _x <ia/N , 125)

where i = 1,2, . N .and p is tile local average light power per unit area. If L(x) is located in the linear region of

the Ilurter-Driffield (II&D) curve, the developed filn will have a density distribution Ix) expressed as

D(x) = - log 1;(x) - Do  (26)
where -y is the slope of the linear region of the curve, and -DO is the extrapolated value (if density where the straight-

line approxination would meet tie D-axis. On the other hand, if some of E(x) were in the non-linear region of the

H&D curve of tile film, Eq. (26) can no longer be applied over the whole range. In this latter case, a pre-calibraton

of the exposures can be used assure that the desired density levels are achieved. The advantage of the approach

described above is that various values of "i can be used to shape the periodic density distribution of tile contact

screen to any predetermined form.

(ii) If the original one-dimensional periodic mask has aii intensity transmittance functton 1(x), like that of a

Ronchi ruling shown in Fig. 13(a). it cat) be described by Eq. (24) with N = 2. A different translation.exposure pro-

19



<ejS CAI. thv\s be used in order to obtain a multi-level contact screen. An example is given in Fig. 13, where a three
lcv I , Ic 1 geIieiated. With IIe Ronchi ling placed in close contact with an Agfa I OE56 photographic plate, a
lidt exl surc bK an incoherent light source I, made. Then the plate is translated an amount Ax = a/3, and a second
,.,,po, ii. is Made. After tle phoiographic plate is developed, its density profile will be as shown in Fig. 13(c). The
1!ce 1t, 's of delisit are D= ), iftg level). ) aid D-. The density profile can be described as

ID = D(x+a) and
Di x) = D0 )< x<a/band

a/-2 < x < 2a/3
= D, a/t<x<a/2
= D o  2a/3<x a (27)

Th. dei, ,tes )1 and D, are dependent on the exposure and development times used. Even if the exposure times are
V:iLA 11,d the expsoure is In the linear region, D 2 * 2D, in general, due to the tern Do in Eq. (26). Hence D I and
1), can onl be determined either by pre-calibration or by microdensitometer measurement after the fact. The
iieth,J caii be extended to fabricate an N-level screen simply by translating the film plate (N-2) times through a
,istanic i/N tfi each (N-I) exposure. The density profile of the developed film may be controlled by the exposure
lilies in olved

Both Ot IhiC apJproaches described above require relatively unsophisticated equipment. The step size of the screen
is contitiled by the accuracy of tie translation stage.
(2) The production of high-order contours (or equidensitometry)

(i) Principle of contact screen photograph fabrication.
In the application oh the contact screen method to produce contours of constant brightness on a continuous

to1e photogiaph. the first step is to produce a contact screen photograph of the original object. This can be done
by simtipI contact printing the original photograph or photographic image (such as the acoustic holographic image)
through the contact screen on a high-y (high contrast) copying film. The exposure of the film for a time interval

produces an exposure defined by

l_(x) Ip = 10l'D(x)'Dpx,Y)] (28)

where Dx) aid Dp(x,\ I are the density distributions of the contact screen and the continuous tone image, respec-
tively.

FIe op irig film has a threshold level Et such that after the development of the exposed film the transmittance
.)t the ill ii Il he a bitiiry-type function. Assuming that the y of the filn is very large, the transmittance of film

II I < FtlxL
= F . i(xy)-- Et  (29)

The above equation indicates that the original continuous-tone photograph (or image) is converted to a spatially
modulated binary photograph. The modulated photograph of the original object is called the contact screen photo.
graph.

By control of the exposure level, p'm Eq. (28). a variety of mappings of picture density into halftone line widths
can be achieved. The maximum number of different widths in any contact screen photograph can not be greater
than the number of gray levels of the contact screen.

(ii) Principle of contour generation
The contact screen photograph is placed in the input plane of a coherent optical data processing system, as

shown in Fig. 14. The laser light is first spatially filtered by a conventional pin-hole spatial filter, and collimated by
the lens. L 1 . The contact screen photograph is placed at the object plane of the lens, L2 , and a multitude of diffrac-
tion orders from the quasi-periodic input appear in the focal plane. Any particular order of diffraction can be singled
out at the Fourier plane of the lens L 2 by a translatable thin slit spatial filter. The output is then re-transformed by
lens L3 , producing a filtered image in its focal plane.
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Fkgure 13. A three level contact screen produced by ,tne translation o]a Ronchi Ruling mask and two exposures.
(a) Ronchi Ruling transmittance jiuiictwtn with no translation. The period is a. A first exposure is

inade at this position.
(b) Ronchi Ruling transmittance with a translation of the filmn plate of A x = a/3. A second exposure

is made at this position.
tc) Densit)y function of the resulted contact screen due to the exposures through the Ronchi

Ruling.
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Je (I ie i . I id geo I IicirICal factors 4re (tiit ti d fol a ) Ij t flIt 11-01ide I iOut I J Itni t y J I l ie I ('titler

s il b;2

and tile norllizied ]rill older out puc nay he A iit ten a,,

it , t I (t sil nirh
rd ai

'(icre it i I anid I) is tile with of file ollpique lilies ha I lie ,er i,) i oultut nija he sstitten as

L(qIAWtiIts (30 1.3) are derived using the assumiptionl that ail infitite JJiIher Of peiiodl, Opaque line" Of Width h
and period a are fin thle object plaine. IIn reality., it a sufficiently large number of ire opaque lines exists ti a crtjin

.oc.ilkse equtations inay he considered as good appixilnations so that ill abiasing plienoliicnon should pievail.
13. Aiialog-to-D'ic ii toiivetsioii

hli prncileof optical A-I) conversion can be detnistrated as possible by using three differenit orders ot a single
skl~: sceCII provided the three output imiages tall upon hiard-cltppirig detectors.

G Imtdei a periodic: lalftione screen of period a and in tensitv t ranstittLance

If 0. 0 < x <_a 2 (33)

I-,_ a (n II <x + na

2a 14 2 14

Msiere it -z 1 . 7 , Til are positive constants less than I , and TillJ < T11 It, i, < I,.

Nhils coiitact screen call be used in the system to perform analog-to. digital conversion when thre first, third, and
seventhi order outputs are used. Eight levels of' digitizationI (3 bits) can be achieved. Tis example can easily be

iustrated with the help of Fig. 15, where the normalized outputs I I , 3, and (7 as described in Lq. (31 ) are
plotted for.,2 < b/a _< I. The level 'th is the hard-clipping detection threshold which is conmmon to thle three normal-
ized outputs, where the halftone bar width are marked. TPus threshold is naturally different for thle corresponding
uninor0alized outputs, 'ml- given in Eq. (30). The scheme is to set thle output bits 101 . 102, and 103. respectively to I if

I] - I l/'') 1th- 13-> 1 l/9 7T )I tli atid 17 -> ( 1/49r
2 

)Itil' and Otherwise to zero. The Cor respon ding bit-plane outputs
are shown in (a'), (b'), and (c') of Fig. 7 with digital outputs of( 1,(1,1,0). (I 1 ), (1,0.0). (0,1 .1).(0.1 0).
(0.0,1 ). and (0,0,0) in an orderly manner.

C. Pseudo-color:
1-roin research results ill optomretry, it has beeni concluded that the human visual systeni can discriminate simnul-

taneously only 1 5 to 20 gray levels from a conmplex black and white image. However, if the same image is presented
in full color, the visually distinguishable levels can be increased enormously, up to hundreds or even thousands of
different levels. Because of this increased resolution, techniques have been developed to encode color on) black and

white imiages such as radiographic, radioisotope scanining, and electron microscopic inlages. This encoding enhances
the possibility of' recognition or detection of the details of the images. The mapping of the black and white intensi-
ties in to tire three primary colors, i.e., blue, green, and red, is called pseudlocolor encoding. This technique cail defin-

itely be used to enhlance the acoustical holographic Images.
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I r

te ihas prirLipic ot the new psrudo-color encoding process is selective nuxing of the colored outputs of the
high diffraction orders of a contact screen photograph or transparency in a coherent optical system. The contact-
screen photograph is placed also in fhe object plane of a coherent optical system which has three colinear laser
beams, eali associated with a pnmary color. The pseudo-coloring of the picture can be achieved simply by selective
mixiig tie high diffraction order outputs generated by each laser. White light source with color filters can also be
ised.

It is readily shown that the Fourier plane intensities for unit intensity input Incident on the contact screen photo-
graph nia. he expressed in a more detailed form by

III = b_ )2 slnc 2 (nffb)
$ a

I a2  si)2nffh (34j

where X is the wavelength of the laser, is the focal length of the Imaging lens, and o denotes a nonzero paositive
integer rcpiescnting the order of diffraction.

Ii the coherent optical system, lasers of the three primary colors, blue (B). green (C). and red (R), are used, with
their wavelengths respectively denoted by XB, A6 , and ?'R, and collimated bean intensities expressed by IB- IG , and
1R . For each color, any desired diffraction order may be selected, and the three resulting color inages call be re-
corded on a color film, or displayed simultaneously oin a screen or by means of a color television monitor. If Q in.
and n denote the selected diffraction orders, the total intensity at a particular location of the output image, corre-
sp onding to the region where periodic opaque bars of width (a-b) are found in the half-tone photograph, may be
given by

Ina'- 1 sin-' + I a I sin2 m_b

Aif A rr' a 'kf 2 mn-r a

+ I I sin nn-b
Af: nir a

lP-A+ 1-4 + {l (35)

where

,14 i- 2,, 1a: sin' r_ b .
X1,:I2  *2r2 a (36)

I,. a- sin' m rb
A.:fT mrr" a (37)

and . II a sin' nr-bART nIr" a 
(38)

To illustrate the meanings of Eqs. (36)-(38) graphically, the functions IBQ, [(m, and IRn are plotted with respect
to b/a(O h/a < I ) in Fig. l6 for Q = I. in = 2, n = 4. and pre-chosen values of IB , 1C, and IR . A particular value of
b/a = 0.4 and its corresponding output intensities are marked as an example to show that the intensities of the three
primary colors call be determined front these curves for a given region of the original picture. The net color, as a
result of the inixtitre of these primaries, can be determined from a CIE chromaticity diagram. Naturally, the mixing
of the three primaries does not have to be limited to the one-color-one-order assignment as given in Eq. (35). Any
number of diffraction orders may be assigned to any color and different laser intensities may also be easily con-
trolled by art attenuator. These features show that the new pseudo-color encoder has considerable flexibility.
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IV. (onclumbon
Al' ie a'iisi, AIvc ilieitiiiiy device. its iipktating principle. anid experimieintal testilts hiavie heeii preseited

I lie tiscclv ill [Ile device iiiJude,.
(A) I lie AWA DIc iati make realtitite1 nI SItu re~ivrditg. meenIli'pii, imu dlitplall, ti aui Wave%. I lie Init eleii, V If

thIIe sai Ii? I i WeI J .1 1 "Ist1,1 Ol t ligi anIIts.
I Ili [lie iccuIidiiig pliase, hliling tit' (lie thlititoplastil. ieiial I[ aiily otheri iii,iteil thlat call hie .i'tteivd hs

ti. fit bletii fln tile ti'll la-er tit file matetlil Coinciding kAith tile location wAhlie thle le.otingl ill O'L a..iII

11ii lit nattil tielace ks 1 initienuce, a relatively thick layer of ileliloplasti,, ittaieiial ill he Ippliedi itlie..

.5.115

II % S.IIW 01~ thiermopjlalstic riiateiilils %4ith dii Iereiit sit teitiig lemipeiatures L.an he us il i tilet device

11DI \ l,.iiictI I hIe1CItiig tt1CIellaliiIiiis cadlIle us edl fill tile IeAItiiig ad ilteii0111 o itlie recitdiii.L tiatiJWIl I III

c\ii~l.it; addiion li II lie elekiic' tesiVe healinig Itietliod iecrlihed Ii Sectioll 1I j .. il1lteil heaii itl a lieu
.11 hN- inI hltlc li i e alipliedC~ li thle till sMit fae ot thle teCLidig ldael ,

ifI Ilic 'i/c mid slti1ie tit (the AWNII) call be tailimied to fit tlitt a vaitety of acousti. wave uiiagiitg sysiettis

I 1 lie0 I'l~i Xcl,: N:ippiii calltlhe teliaced IO ;Illy othier stilidy Suppitl t11 t 1at isiatllshaictilto ai coUsti.. Wat~e% i

1- IIi lni I S " 11111 l III A S% Ste iii.

I- lie cle.. lit heating i,, ieplldced hy collimated iadialtiii hea~tiing. ainy optically tiajisparet top coVet ..AtIlhe

uISed I ll iiAe th Ic tic'11 iesistiv'e ntatetial coated Ilujf or ie le esistatit glass.
Ill I le tut0 151 akILtI jn1tOC tile Iiertlilt)plast ic tlilt gettitng Colltlainta led by dust Ili other liquid (such as, water I

jA1It, alid alm- keep thie thiermtoplastic waii since thle coivet selves as a lieuitial iiisuljtot.

In khiiui. s lifte AWMI) is imoidified 1)" pioitg ait ultrasonic difliaiction gratitig 1titittediaely ultIeieAtli thle
i,' iiLIC11.:. theC ltelice heami caii he ottijited anid thle test oibject cali be placed diie...tl under tlie

dt,e I 111 %iill ilctease the useful apertuite of detection anid thie flexibility iif the deictioii0 geitiletus
I \ICpet-ucii,il lesuhts have shown (ire calpahility ofl these devices lit achuievitng their desired Oibgk.ilVes althoiughi

utie sim k si he needed for a refined device to satisfying realistic testinig ieijuremliit.
I tI dWCiliai1CICeiiito (If e acoustical hlographiic Imiages, a few tiew ciuliereti t optical tliige i..eSSI1ug te.. hut-

qiies 1ixe Iiit'%s c:iiiaii screens have beeni presented. I iese techiiiiIquIS Include euluidetsitoititt, A-I) ciltveistil1
lld 1 seuidi...idoii Not presented and still need-tii-be studied is thie technique ofl logaritli. filteritng which ait

iciiiive the mltiphlicative trotse Ii the iniage fortin the signtal atnd thtus greatly enhiatice tile sugtial-to-tiiise tatin midu

thle iiliutioi ofthle Images. rhte itain advantage ofl optical iiver tile existing digital techiq(ue Is proeCSSiig speed
Ilieel lealti]tiie optical spatial fiflterinig techniques should be studied for the imttiriveiteti of thleaiuta
ll iage s.

lit iddIttlit. lutuirte work li gettinig tiile quatitative data n the dill ractiti efficiency, resiilutiin. tciditig lile.

ileiioiv, titiie. e cidiiig temtpetature. erasing teitperature, recoiding seitsitivitx , substrate thiickniess. aitd tit 1illig

iiiediiiti tti..kiiess shoiuld be inuvestigated before tire device cair be well -designed. Ihiital sensitive Itatettals such as
(rtsii'uol used In fthe expettieti repoirted should also be explored lot (lie device aiid ultiasuini. giating Slit ctutes
Shuldl be si tid ted as well,-

Once thle device is mtade practicalit has great potential fit 1INI[ f ituitar1y', induIstrial, and itedical aplilioiiiis
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